In Brazil, for the last four decades,
Introduction
The contemporary Brazilian scenario offers opportunities of investments to foreign petroleum companies, normally in the upstream sector that until recently, was restricted to Petrobras.
This article shows the methodology to take decisions that involve risk. When there is no such thing as a variety of results, uncertainty or risk, the decision criteria can be based upon the net present value only.
We will work on an example that has four different prospects, with different internal rates of return and four standard deviations for these rates. Prospect A has an internal rate of return of 23% per annum, and a standard deviation of 13% per year. Prospect B has an IRR of 29% and deviation of 24%. The alternative C has an IRR of 37%, and a standard deviation of 41% and finally, prospect D has an IRR of 19% and a deviation of 7% per annum. The probability of success for each prospect also varies.
We will analyze these different options, coming to some results that will be a basis for building up the optimized investment portfolio.
Geological Risks:
The main factors and mechanisms that control petroleum accumulations are:
• Existence of trap • Source rock • Thermal maturation
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• Migration and timing • Reservoir (storage capacity)
To each of these events, are probabilities of success and failure assigned, based upon vague or registered experiences. As there is a lack of significant data based on which inferences of future risks may be made, the vague experience (or professional experience) is strongly used in the determination of the probabilities of the occurrence of the events.
The probability of existence of oil in a given place may be described as the product of all the probabilities of each event occurring individually. 
Economic Risks
These risks are established from the analysis of the parameters, which determine the size distribution (area and volume) of the possible accumulations of oil (structure area, thickness, porosity, oil saturation), the indices of success resulting in probabilities of finding fields of different sizes.
The volume of recoverable oil is given by the formula: It is possible to calculate this volume through an EXCEL worksheet, with hypothetical data, by two different means: a) Deterministically, with expected values or means, resulting in a constant value; and b)With probability distributions for the above variables (figures 2,3,4), resulting in different values for V.
In the first alternative, the calculation is made with the best possible estimation of the components of the formula.
Nothing can assure that the calculated number is going to be right, for there is an uncertainty variation in the estimated parameters.
In the second case, some cases can be taken from the curve of accumulative frequency, as the pessimistic, the realistic and the optimistic. Those could be the reserve values for the 10%, 50% and 90% percentiles, that is, a number that leaves only 10% of the cases below (pessimistic); 50% (realistic); and 90% (optimistic). FIGURE 1 -Reservoir thickness probability distribution FIGURE 2 -Recoverable oil probability distribution
Production Forecasting Risks
Once the recoverable reserves are established, we need to estimate how fast the production, or the exploitation, or the depletion of the reserves of oil and gas will take place. Some important factors for these items are:
Number of wells; Percentage of dry holes or success ratio ( * ); Drainage area or recovery per well; Productivity index per well; Operating constraints on production rates; Initial decline rates; Abandonment rates or other abandonment conditions; and product prices; (*) Note: In the 1980's, with the advent of 3D seismic surveys, the exploration risks were strongly reduced. The probability of success in drilling was raised from 40% to approximately 60%.
One of the most commonly used formulas for production forecasting is the exponential decline curve: q = q i e ( -at This deterministic model can be converted in a stochastic or probabilistic model, treating the two parameters, q i and a, which represent respectively, initial production and rate of decline, as random variables instead of adopting constant values. The time, in years, is given by the variable t, and the production in each year, q, is declining year after year. Figure 3 shows a range of values for the production, which declines exponentially with time. The upper limit leaves 90% of the cases below it; the central one, 50%; and the lower limit keeps only 10% of the cases below. These are the three scenarios mentioned earlier in this article.
To obtain the results simulated in the graphic, the rate of decline (a) used, as entry data, was a normal distribution with mean value of 10% per year, and standard deviation of 0.5%. The initial production value (q i ) is the result of a spreadsheet previously calculated, and is already a random variable. The simulated outputs of one spreadsheet are the inputs of another one. The level of production grows up fast, during the early years, then stabilizes for 3 to 4 years, and then decreases following the decline curve.
There is an economic cut point, when revenues break-even with costs. Finally, there are abandonment costs, due to environmental reasons.
FIGURE 4-Investment and income during E&P phases of n oil wells

Cash Flow
The cash flow of a typical upstream investment is shown on the table 2, in the annex.
The phases of exploration, appraisal and development may succeed, resulting in the continuation of the production. There are risks, however, of an early abortion in these phases, generating only losses (E, in figure 5 , for instance).
Decision Trees
In decision-making, it is common to use decision trees, which consist in a graphic representation of the options and all its consequences, in an organized and clear way, simplifying the work of the decision-maker. To design the tree, it is necessary to list the options and quantify them as much as possible. One example of a simplified tree is in figure 5.
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Probability Pi
Reservoir Volume Ri The EMV method does not reduce or eliminate the risks but is a tool to make better evaluation, understanding and quantification of the risks to which the company may be exposed. In most cases, it is very complex to define the best project through the EMV. This tool is generally used in companies that do not have capital restriction. The EMV does not show the projects probability of success; neither does it reproduce the human behavior in risk situations.
Preference Theory: Utility Functions
One way to express the preference in relation to risk activities is through the Utility Functions that are constructed giving upper values to better results of an investment, and lower values to worse results. With the intermediate values, it is possible to plot the value of the investment versus utility function value. This curve is a parable with concavity down, in the case of risk-averted managers, a straight line to the managers indifferent to the risk and a parable with upper concavity to risk-taking managers.
This function can be defined empirically or analytically. The empirical part can be done by means of an interview, the analytic, using a linear, exponential, logarithmic or square root function.
To apply the preference theory method, two concepts are important: the certainty equivalent and the function of riskaversion associated with the utility function. The certainty equivalent is the value in money that an investor would take, without risk, as a return for a risky choice, that is, a comparison between risky and not-risky investments.
The exponential utility function (the only that shows constant risk-aversion) may be used as substitute for other utility functions under some conditions, and this function is very important in valuation and implementation of risk analysis in petroleum exploration projects.
This function is defined as U (x)= 1-e -c.x , where c is the risk-aversion coefficient of the decision-maker and x represents the participation of the company in the project, in percentage.
FIGURE 6-Utility Function
Certainty equivalent
For those who do not like risk, the certainty equivalent is most of the times, lower than EMV. The difference between the certainty equivalent and the EMV is the "Risk Premium": the money value of the uncertainty as it is perceived by whom ever is willing to take it. The formula for the certainty equivalent is: The relation between these concepts, utility function and certainty equivalent is better understood when we are willing to incorporate the utility functions in a model. In order to do so we need to follow the steps below: 1) Use the utility function to calculate the utility of each possible result. 2) Calculate the expected utility for the specific example. In our case, we will use example A. 3) To convert the expected utility in the certainty equivalent, we use the inverse of the utility function. 
NPV ( 15 % ) U ( NPV )
That is to say, the certainty equivalent is obtained through the inverse function of the utility function. This idea will be better understood with an example.
In example A, we have: NPV1 = 228.42 NPV2 = -160.00
Using R=150 and replacing in the formula: We get: U(X) = 0.78 (for NPV1 = 228.42) and = -1.90 (for NPV2 = -160.00)
Therefore the expected utility of our example is -0.29.
If we compute the inverse function of the utility function (using the obtained value (-0.29)), the value for the certainty equivalent of the example A is finally obtained.
Portfolio Selection
We will take as an example the investments A, B, C and D, consisting of the exploration (E), development and production phases, with investment, revenue and operational costs (R/O). The internal rates of return of these prospects and their standard deviations were already described in the introduction. As a matter of simplicity, instead of using cash flows 30-year long, the ones shown here will be only 5-year long (table 1 in the Annex).
Such cash flows are shown in deterministic and probabilistic forms. The simulated results were generated through a Monte Carlo simulation software, an Add-in to spreadsheet models.
The final objective of this work is to provide a guidance for investment selection, according to the risk profile (given by the utility function) and the risk tolerance (given by R, in million of dollars). An empirical study in the United States, analyzing 50 independent petroleum companies from 1981 to 1990, concluded that the risk tolerance is generally ¼ of the exploration capital of the company.
In our example, we adopted R= US$ 150 million, and an exponential utility function, as described earlier (figure 7 in annex).
Following the criteria of maximizing the Net Present Value in the decisions, prospect A is selected through the Decision Tree software. Note the word TRUE in branch A and an EMV of US$ 73 million, approximately, the biggest amongst the branches A, B, C and D. So, the decision is to invest and invest in the A prospect. This decision results from an analysis that ignores risk.
In figure 8 ( in annex), we have a decision tree with the Certainty Equivalents calculated for R=US$ 150 million. Note that the D prospect was selected, for it maximizes the Certainty Equivalent, with a value of US$ 14 million, approximately. In figure 9 , the variation of the certainty equivalent for each level of investment participation in the prospects A, B, C and D (from 0 to 100%) is shown (note that the x axis grows from right to left). R is constant, and has a value of US$ 150 million. It is implicit that the prospects allow any percentage share of any company. In other words, companies can do joint ventures to invest in the prospects.
Note that the best participation (shares) are those maximizing the certainty equivalent, for each prospect. In the example, for the prospect A, the best share is 30%; for B, 10%; for C, 50%; and for the prospect D, 100%. In figure 10 there is another example of variations of the certainty equivalent, in this case with a risk tolerance of US$ 350 million. The shares for each prospect A, B, C and D vary from 0% to 100% (note that the x-axis grows from right to left, again).
In this second example, the best share for each prospect is for A, 70%; for B, 20%; for C, 100%; and for D, 100%. Comparing the two examples, it is possible to understand how the best shares are established according to risk tolerance.
As an example, a smaller oil company X can take a 30 % share in prospect A, given a risk tolerance of US$ 150 million, and a bigger company Y can take the balance -a 70% share-,in prospect A, with a $300 million risk tolerance. 
Conclusion
The methodology described in this article uses the most modern software tools available, and provides answers to the uncertain problems. Many companies penalize projects using a basic discount rate, generally equal to the capital cost (WACCWeighted Average Cost of Capital), increased by a premium for the risk (spread). This discount rate is also known as Hurdle Rate and establishes an exceedingly heavy cash flow penalty in long-term investments, as those of the petroleum industry in the upstream sector, which can easily last for 30 years or more.
The approach proposed assumes a basic discount rate, without any spread increase. Risk treatment will be done using the utility function and its inverse: the Certainty Equivalent.
The problem could still be extended by means of a sensitivity analysis of the parameters, or through the use of linear programming to study all the portfolio possibilities with different risk tolerance coefficients (R), or even by genetic algorithms.
For ANP's second bid round, this methodology could be very handy for petroleum companies.
With the objective of preparing human resources for the petroleum industry, these concepts have been presented in the undergraduate Production Engineering Course of the School of Engineering at UFRJ and in the Master of Business in Petroleum course of COPPE/UFRJ. 
